Aerobic, anoxic, and anaerobic selectors have become popular for controlling filamentous bulking in activated sludge systems; however, selectors are not always successful. Regression analyses of data collected from 44 full-scale wastewater treatment plants, with operating selectors, provided criteria for determining when selectors will and will not be successful. Anoxic selectors do not appear to control filamentous bulking in long-mean cell residence time (MCRT) plants. Further, the elimination of all anoxic zones may help to control bulking in these plants. Other design/operating parameters, however, were shown to influence activated sludge settleability in long-MCRT plants. Aerobic selectors in short-MCRT plants do control filamentous bulking if they are small enough to produce a biochemical oxygen demand (BOD) concentration gradient in the aeration basins. Anoxic and anaerobic selectors do control filamentous bulking in short-MCRT plants if the selector volume is large enough and/or the selector mixed liquor suspended solids concentration is high enough. These selector systems do not appear to benefit from a BOD concentration gradient as the aerobic selectors in short-MCRT plants do. Although anaerobic/anoxic selector compartmentalization in these plants appears to improve settleability, this is presumably because of reduced selector short-circuiting.
INTRODUCTION
introduced the aerobic "selector" over thirty years ago. They defined a selector as that portion of the aeration basin, upstream of the main aeration basin that provides a biochemical oxygen demand (BOD) concentration gradient, with either small aerated tanks in series or aerated compartments in series, and suppresses filamentous organism growth in activated sludge. It was later shown that "selectors" could also be anoxic or anaerobic. The reported success of selectors and their relative low cost to construct and operate have resulted in their wide-spread use around the world. Unfortunately, selectors have often proved ineffective at controlling filamentous organisms in activated sludge (Osborn et al.,1986; Wakefield and Slim, 1987; Gabb, 1988; Gabb et al., 1991; Daigger and Nicholson, 1990; Marten and Daigger, 1997, Marshall and Richard, 2000; Davoli et al., 2002; Labek and Rosenwinkel, 2002, etc.) . Operating and design guidelines have been published in the literature, but these guidelines may not always be applicable, or even valid. Figure 2 shows the selector type distribution over system MCRT. Anaerobic selectors are most common at MCRTs less than 5 days and anoxic selectors are most common at MCRTs greater than 8 days in the group of plants studied. Graphs were prepared for a variety of parameters (e.g., initial contact zone (ICZ), food to microorganism ratio (F/M), ICZ hydraulic retention time (HRT), selector MCRT, number of selector stages, etc.) plotted against the 90 th percentile SVI and a calculated diluted SVI (Merkel DSVI). This analysis did not prove fruitful, so a series of regression analyses were performed on the full data set.
Regression Analysis. The purpose of the regression analysis was to evaluate design and operating parameters for activated sludge selectors that are frequently discussed in the literature, and to quantify their relative influence on activated sludge settling characteristics, as measured by sludge volume indices (either SVI or DSVI). The Merkel-corrected DSVI and SVI was used as the dependent variable in the regression analysis. For those parameters that were significant, the regression analysis also provided a relative influence on DSVI for each parameter based on its R 2 value.
The coefficient of determination, R 2 , measures that proportion of the variation in the dependent variable (log DSVI in our study) that is explained by the variation in the independent variable(s) (selector design/operating parameters), and thus R 2 is used to compare the strength of different regression models (Keller and Warrack, 2000) . If the t-statistic is greater than 2.0 or less than −2.0 (i.e., the absolute value of the t-statistic is greater than 2.0), then there is a significant relationship between the design/operating parameter and DSVI (DeLurgio, 1998) . Further, if the p-value is less than 1%, there is "overwhelming evidence" that the regression relationship between the design/operating parameter and DSVI is valid and highly significant (Keller and Warrack, 2000) ; regardless of the R 2 value. All the parameters presented as "significant" in this paper had absolute value t-statistics much greater than 2.0 and p-values = 0.000 (or ≤ 0.0%).
Short-MCRT WWTP data was analyzed separately from long-MCRT WWTP data, because it has been shown that filamentous bacteria dominating activated sludges in short-MCRT systems have significantly different growth requirements than those filamentous bacteria dominant in long-MCRT systems. Further, selectors are not as effective in controlling long-MCRT filaments (Gabb, 1988; Gabb et al., 1991; Wanner, 1994; Jenkins et al., 2004; Martins et al., 2004b Tables 1 through 3 can be very low, because the number of samples are large in these analyses (approximately 1,000 to 9,000 samples for each independent variable), the R 2 value can still be used to provide a ranking of relative influence of the design/operating parameters on DSVI. [2] Cubic polynomial regression analysis R 2 for previous parameter Table 1 suggests that higher MLSS (R 2 = 22.4%) concentrations, longer total reactor MCRT (R 2 = 12.4%), lower total selector F/M (R 2 = 11.9%), and longer selector MCRT (R 2 = 9.1%) will reduce DSVI in short-MCRT systems with unaerated selectors. In contrast, the higher the ICZ F/M the higher the DSVI, which is probably a result of the very strong correlation between ICZ F/M and total selector F/M. This is supported by the weaker influence the ICZ F/M has on DSVI (R 2 = 3.2%) compared to that of the total selector F/M (R 2 = 11.9%). Because the ICZ F/M is positively correlated to DSVI (i.e., increasing ICZ F/M does not result in decreased DSVI, as will be shown with the short-MCRT plants with aerobic selectors), this suggests that kinetics play no significant role in the ability of an unaerated selector to control filamentous bulking in short-MCRT systems. However, increasing the number of selector stages (R 2 = 7.7%), increasing the selector HRT (R 2 = 2.1%), or increasing the selector volume to total basin volume ratio (R 2 = 2.0%) does correlate with lower DSVIs.
This suggests that the anaerobic/anoxic selector basins should be sized large enough to remove all or most of the raCOD and staged to prevent short-circuiting and raCOD breakthrough to the main aeration basin, rather than to provide a better kinetic advantage (i.e., more rapid raCOD uptake). This is consistent with Wanner (1994) , where a single-stage anaerobic selector controlled filamentous bulking, and an increase in the selector volume to total basin volume ratio significantly reduced SVIs (from 800 mL/g to less than 100 mL/g) when short-MCRT filamentous organisms were initially dominant. Based on these results, well-designed and welloperated unaerated selector systems appear to be effective in controlling filamentous organisms and bulking in short-MCRT systems. In addition to selector design and operating parameters, higher aeration basin DO (R 2 = 7.3%) and lower secondary influent BOD/TSS ratios (R 2 = 4.1%) corresponded to lower DSVIs in short-MCRT WWTPs.
Design and operating parameters for short-MCRT plants with aerobic selectors are listed in Table 2 . This table shows that the parameters with the most influence on DSVI are the activated sludge influent BOD 5 concentration (R 2 = 36.7%), ICZ HRT (R 2 = 33.7%), selector HRT (R 2 = 25.7%), and %RAS flow (R 2 = 21.0%). When any of these parameters are increased, the DSVI increases. On the other hand, when the ICZ F/M is increased (which corresponds to decreasing the ICZ HRT), the DSVI decreases. This supports the hypothesis that aerated selectors require a BOD 5 concentration gradient to favor floc-forming bacteria over filamentous bacteria and control bulking, but if the influent BOD 5 concentration is too high, raCOD may leak through the selector allowing filamentous organism growth and bulking. 1,020 Table 3 lists selector design and operating parameters in order of their relative influence on DSVI (measured with R 2 values) for the long-MCRT WWTPs studied. The parameters that appear to have the most dominant influence on DSVI in the long-MCRT WWTPs are: 1) MLSS (the higher the MLSS the lower the DSVI), 2) selector HRT (the lower the HRT the lower the DSVI, with an HRT = 0 being the best), and 3) ICZ HRT (with an ICZ HRT → 0 providing the best DSVI). None of these dominant parameters suggest that selectors have much influence on DSVI in longer MCRT WWTPs. In fact, larger selector volume to total basin volume ratios correspond to higher DSVIs, which is opposite of what was found for short-MCRT WWTPs. Other significant parameters corresponding to lower DSVIs, include longer 7-d average total basin (or reactor) MCRTs, larger number of aeration basin stages, smaller number of selector stages, lower effluent pH, and higher effluent temperature. In contrast, selector F/M, selector MCRT, and ICZ F/M had little influence on DSVI (R 2 = 0.2%, 0.1%, and 0.1%, respectively). These results also suggest that selectors may not be effective for controlling filamentous bulking in long-MCRT WWTPs, especially when compared to the selector effect in short-MCRT WWTPs. Therefore, the regression results suggest that short-MCRT filamentous organisms are better controlled with selectors than long-MCRT filamentous organisms, and this is supported by the literature (Wanner, 1994; Jenkins et. al., 2004, etc.) .
Cubic polynomial regression curves were calculated and shown on regression plots for each of the variables to identify ranges that may influence DSVIs in selector-equipped facilities. Using the regression analysis, recommended ranges for the significant process variables were developed and compared to literature values. Each long MCRT plot included approximately 9,000 data points, the short-MCRT with unaerated selectors plots included about 5,000 data points each, and each short-MCRT with aerated selectors plot included slightly over 1,000 data points in many cases. An example of the cubic polynomial regression plots and analysis are shown for MLSS in the short-MCRT plants with anoxic or anaerobic selectors in Figures 3 and 4.
The average MLSS shows the highest correlation with log DSVI, with the highest R 2 value at 22.4% (t-statistic = -39.51), compared to all other parameters tested for short-MCRT plants with anoxic or anaerobic selectors; log DSVI decreases with increasing MLSS (Figure 3 ). The higher MLSS may favor enhanced raCOD uptake in unaerated selectors operated in short-MCRT systems; and by reducing the amount of raCOD leaking into the main aeration basin, less filamentous organisms grow and the DSVI is reduced. Figure 3 shows the approximately 5,000 data points plotted with the cubic polynomial regression line. Using the regression equation, the regression curve was plotted in Excel for better clarity (Figure 4) . Slope lines were drawn on the curve in Figure 4 , to demonstrate how the slope of the curve becomes more flattened with increasing MLSS. From these slope lines, best operating MLSS values appears to be between 1,500-2,000 mg/L. The DSVI continues to improve above 2,000 mg/L, but at a much lower rate. Based on the analysis of short-MCRT WWTPs with anoxic or anaerobic selectors, selectors in this category should be sized large enough to remove all or most of the raCOD and should be staged to prevent short-circuiting and raCOD breakthrough to the main aeration basin, but not to provide a kinetic advantage. Increasing the selector ICZ F/M was shown to increase DSVI, while increasing the number of selector stages resulted in a reduction in DSVI. For short-MCRT WWTPs with aerobic selectors, DSVI decreases with decreasing ICZ HRT and increases with increasing influent BOD 5 concentration. This analysis supports the hypothesis that a concentration gradient is required to provide a kinetic advantage to flocformers over filamentous organisms; however, at higher influent BOD 5 concentrations, sufficient raCOD may leak through to the main aeration zone to cause bulking problems. Wanner, 1994; Jenkins, 2004 Note: [1] Insufficient data variation in data set to adequately assess this parameter.
Based on the regression analysis, anoxic selectors do not appear to significantly control filamentous organisms and bulking in long-MCRT plants, which is supported by the literature (Wanner, 1993; Jenkins et al., 2004; Martins et al., 2004b) . The analysis suggests that DSVIs will be controlled best by using a selector HRT, ICZ HRT, and number of stages approaching zero (→ 0), which suggests that removing the anoxic selector (or anoxic zones) is best for reducing DSVI in long-MCRT systems.
Full-scale Demonstration Projects
Full-scale, pilot anaerobic selector evaluations were conducted at the EBMUD MWWTP and OCSD Plant No. 1 from June to October 2003 and July to November 2004, respectively. Both plants were operated in split-plant mode with a selector-equipped plant and a control plant throughout each test period. A summary of the selector operating and performance data at each facility is presented in Table 7 . [2] Excludes secondary clarifier solids.
[3] Value reported is on a cBOD 5 basis and converted to BOD 5 using BOD 5 = 1.45 x cBOD 5 .
[4] Value reported is on a COD basis and converted to BOD 5 using BOD 5 = 0.5 x COD.
The EBMUD MWWTP selector plant produced an average and 90 th percentile SVI of 120 and 166 mL/g, respectively, which compared favorably to the respective control plant SVI values of 270 and 471 mL/g. Conversely, the OCSD Plant No. 1 anaerobic selector system yielded significantly higher SVIs compared to the control plant with no single reported SVI value <200 mL/g. Although the EBMUD selector was operated at the same MCRT as the OCSD installation, significantly more orthophosphate release and lower DSVIs occurred with the EBMUD selector. OCSD reported a number of possible factors that may have influenced the poor SVI control, including problems with air feed to the selector plant and the presence of sulfur granules in both Type 021N and Thiothrix (i.e., possible secondary influent septicity). As shown in Table 7 , the OCSD aeration basin average DO level (1.4 mg/L) was significantly lower than the range recommended by this study (2.5-4.0 mg/L), while EBMUD's oxygen vent gas purities were very high (70-80 + % throughout the study). . Figure 5 suggests that OCSD's selector performance might be enhanced by increasing the total aeration basin MCRT. Based on the data presented in Table 7 , the following conclusions were made regarding the reported differences in SVI control:
• Selector HRT does not appear to be a significant factor, since the EBMUD selector HRT was actually shorter than the OCSD selector (35 vs. 45 min).
• Since both systems were operated at roughly the same selector MCRT, this does not appear to be a significant factor. The OCSD system did show reduced SVIs, however, when the total system MCRT was increased ( Figure 5 ).
• The OCSD selector was operated at a significantly lower MLSS concentration (831 mg/L), which may have contributed to the reduced phosphorus release and uptake relative to the EBMUD selector (MLSS = 2040 mg/L). This study recommends a MLSS value of 1,500-2,000+ mg/L for improved settleability.
• The OCSD aeration basin DO (1.4 mg/L) was significantly below the recommended aeration basin DO (2.5-4.0 + mg/L), while EBMUD's high purity oxygen activated sludge system had very high oxygen vent gas purities indicating surplus DO in the aeration basins.
• The EBMUD and OCSD selectors were sized at 25% and 17% of the total reactor volume, respectively. The regression analysis results predict that the EBMUD selector would yield improved settleability relative to the OCSD selector installation due to the increased ratio of selector to total reactor volume.
• A selector can be successful even though it is not operated within all the important design/operating parameters ranges as identified by this study and the literature; however, if a selector is operated outside of all the recommended parameter ranges, it is unlikely that the selector will be successful.
